Feedback related negativity (FRN) Event-related potential (ERP) Reward prediction error (RPE) Unsigned prediction error Saliency Dopamine a b s t r a c t Reinforcement learning models make use of reward prediction errors (RPEs), the difference between an expected and obtained reward. There is evidence that the brain computes RPEs, but an outstanding question is whether positive RPEs ("better than expected") and negative RPEs ("worse than expected") are represented in a single integrated system. An electrophysiological component, feedback related negativity, has been claimed to encode an RPE but its relative sensitivity to the utility of positive and negative RPEs remains unclear. This study explored the question by varying the utility of positive and negative RPEs in a design that controlled for other closely related properties of feedback and could distinguish utility from salience. It revealed a mediofrontal sensitivity to utility, for positive RPEs at 275-310 ms and for negative RPEs at 310-390 ms. These effects were preceded and succeeded by a response consistent with an unsigned prediction error, or "salience" coding.
Introduction
The function of a brain is to monitor its owner's environment, responding to events to increase the chance of survival and reproductive success. Brains receive a stream of sensory information of near infinite detail and the brain is a costly organ to run. Given that most environments show a degree of stability, an efficient neural response to this stream of information is to form expectations based on reliable environmental cues and to respond only to deviations from those. Such deviations are known as prediction errors. These have been argued to provide a common basis for computation in perceptual, attentional, cognitive, and motivational processes (den Ouden, Kok, & de Lange, 2012) . In particular, deviations of reward from an expected quantity, that is reward prediction errors (RPEs), have been shown by formal models (Sutton & Barto, 1998) to be important terms in reinforcement learning, and there is strong evidence that RPEs are coded in the primate midbrain (Schultz, 2010 ).
An event related potential (ERP) component known as feedback related negativity (FRN) occurring at mediofrontal sites at 200-350 ms has been proposed to encode an RPE carried from the midbrain to the anterior cingulate cortex (San Martin, 2012; Walsh & Anderson, 2012; Yu & Zhang, 2014) . The FRN is so named because it exhibits a relative negativity for worse than expected outcomes. However, this does not necessarily mean exclusive, or indeed any, sensitivity to negative reward prediction errors ( ÀRPEs). The methodology in which the FRN emerged was based simply on comparing À RPE outcomes to þ RPE outcomes; as such the negativity observed is merely relative and might equally have its basis in a positive voltage shift for þRPE outcomes. In fact, competing claims have been made in this regard, with some arguing that the FRN is preferentially sensitive to þRPEs (Cohen, Elger, & Ranganath, 2007; Eppinger, Mock, & Kray, 2009; San Martin, Manes, Hurtado, Isla, & Ibanez, 2010) and others arguing greater sensitivity to À RPEs (Bellebaum & Daum, 2008; Bellebaum, Polezzi, & Daum, 2010; Pfabigan, Alexopoulos, Bauer, & Sailer, 2011) . In Fig. 1a and b we schematically represent these two possible response functions. Fig. 1c shows the response function of a component that codes both þRPEs and À RPEs ("integrated coding"), and Fig. 1d a response function to unsigned prediction errors (UPEs), that is to the absolute size of the prediction error irrespective of its valence. While this last response function has been plotted against RPE utility like the others, this merely represents how it would behave in an experiment studying RPEs, the component is not coding RPE utility at all but the quite different properties of UPE size. Such a component might serve a general function of registering motivational salience (BrombergMartin, Matsumoto, & Hikosaka, 2010) .
A challenge for FRN research is that the post-feedback wavefrom may comprise a number of different components with different reponse functions that at least partially overlap. One danger is that this overlap, rather than merely obscuring the 
